One contribution of 17 to a theme issue 'Movement suppression: brain mechanisms for stopping and stillness'.
Introduction
How a movement's target is selected, how a movement is initiated and how it is driven are subjects of other papers in this special volume. Here, we deal with the critical question of what stops a rapid movement. The question is not trivial when considering ballistic movements performed with maximal velocity and acceleration, and hence brief durations. Ballistic movements are common whenever an ultrafast and powerful action is required. For example, the tongue projection of a salamander to capture her prey [1] , and human movements such as striking, kicking or throwing. These rapid movements are too brief to be corrected by exteroceptive feedback.
The archetypal ballistic movement is the saccade, a rapid movement that turns the eye so that the image of a peripheral target lands on the fovea. The fovea, the central area of the retina that enables the best visual acuity, is very small (28 8 8 8 8 in diameter), so saccades must be very accurate. To minimize interference with vision, saccades must be of very short duration. A saccade has an amplitudedependent duration of 30-120 ms, with most saccades being smaller than 158 8 8 8 8 and shorter than 60 ms [2, 3] . However, in non-human primates visual information takes about 40-50 ms to reach the superior colliculus [4] and about 50-90 ms to reach the first cortical visual area (V1) [5] . Times should be even longer in human subjects. Thus, movements less than about 408 must be ballistic, because they do not last long enough for visual feedback to influence them. Yet, if saccades are stopped mid-movement by stimulating the pause cell region in the brain stem, saccades resume and land on target [6] . This suggests that the brain is not simply precomputing movement trajectory, but rather is using feedback control [7] . How, then, does the brain stop a saccade so that the eye lands on the target?
Classical model of local feedback control of motor error
In his seminal work, Robinson [2] showed that the dynamics of the globe, orbital tissues and muscles (the so-called plant) were dominated by muscle viscosity. Thus, making a saccade requires a pulse-slide-step change in innervation to the extraocular muscles, which has indeed been recorded from abducens neurons [8] . The brief, high frequency pulse generates a large force to overcome the plant's short-time constant viscosities. The slide slowly changes from the pulse to the step & 2017 The US government Published by the Royal Society. All rights reserved.
level of activity, overcoming the plant's long-time constant viscosities. The step is a constant level of activity, which holds the final eye orientation against orbital elastic restoring forces. The slide and the step can be obtained from the pulse by low-pass filtering and integration. Thus, Robinson [9] argued that all one needed to make a saccade was a properly formed, pre-programmed pulse (i.e. with the correct intensity and duration for the desired change in eye orientation). Later, he developed an internal feedback loop model that constructed this pulse automatically from the current and desired eye orientations [10, 11] . This was the seminal model for all subsequent models of saccades, because its feedback loop automatically got the eye on target without pre-programming the movement.
In the Robinson model, the internal signals encoded the eye's orientation: where the eye was in the head. Subsequently, however, neurophysiological recordings showed that all internal signals in the saccadic system encoded changes in eye orientation, not absolute eye orientation. Therefore, Jü rgens et al. [12] restructured the internal feedback loop to use a desired eye displacement, or change in eye orientation. In doing so, they added a second integrator to track the current displacement (DI). This model is the core of all classical saccadic models (figure 1).
The key element in this circuit compares how much the eye's orientation needs to change (DE d ) with how much it has already changed (DE 0 ), thus computing an internal motor error (e m ). The DI computes DE 0 during the movement from an efference copy of the velocity command, and must be reset to zero before every movement. The drive signal decays as the eye approaches the target, i.e. when the DI's output approaches the desired change of orientation, the motor error approaches zero. When the saccadic drive becomes zero the saccade stops. In some circumstances, however, the saccade does not land on target, e.g. because of muscle weakness. In these cases, the cerebellum is assumed to adapt another input to the feedback loop to compensate for the expected error [13, 14] . This additional component (DE adapt ) is a feed-forward correction, and must be learned from errors over many saccades made in the same context. Here, context means any factor that can influence the desired saccade, such as the same eye position, the same vergence state, etc. It also refers to information about the target. For example, if the target is moving, the target has both a retinal eccentricity and a retinal slip. If the target moves toward (or away from) the fovea, then the subsequent saccade will be smaller (larger) than a saccade to a stationary target [15] .
Robinson [11] recognized that if there were any delays or noise in the neuronal system, the very high gain of the bursting element would cause the system to oscillate around the target with of a series of overshooting saccades. Therefore, he added a gate that would prevent oscillations by removing the input to the burst neurons generating the saccade. To make a saccade, the gate would have to close. The omnipause neurons (OPN) discovered by Luschei & Fuchs [16] act like this gate; they fire steadily, inhibiting the burst neurons, except during a saccade. Additionally, when OPN are stimulated during a saccade, the saccade stops abruptly [6] .
It should be noted that this type of model describes functions that the saccadic system might perform, but it does not shed much light on its anatomical basis, i. 
Saccadic system anatomy and physiology
The major neurons and areas we consider as critical for generating visually guided saccades are shown in figure 2. (Cortical areas and the basal ganglia are also important for making saccades, but they are not included here because they are more involved in target selection than saccade generation). The motor neurons for horizontal eye movements consist of the abducens nuclei motor neurons, which innervate the lateral rectus muscles, and some of the oculomotor nuclei motor neurons, those that innervate the medial rectus muscles. These motor neurons are driven by premotor burst neurons, which are silent except during a saccade, when they burst vigorously. The premotor burst neurons are driven by upstream areas, which determine the frequency and duration of the burst, and thus the amplitude, velocity and duration of the saccade. The saccadic circuitry has been extensively reviewed [13, [17] [18] [19] , so here we give a minimal description.
(a) Premotor burst neurons
The premotor burst neurons consist of two types: excitatory and inhibitory burst neurons (EBN and IBN). EBN and IBN have very high gains and are assumed to have post-inhibitory rebound (PIR) [20, 21] . Thus, they can fire at very high frequency to generate brief bursts; also, they can fire just if their inhibition is removed. The EBN provide the drive for agonist eye muscles, whereas the IBN project to the contralateral EBN and inhibit the drive to the antagonist muscles. The IBN show a few spikes or a brief burst of activity at the end of off-direction saccades [20, 22, 23] . Importantly, the IBN project to the contralateral IBN [24] , which means that the left and right IBN mutually inhibit each other. This reciprocal inhibition can lead to instability and saccadic oscillations [21] . The EBN and IBN are tonically inhibited by omnipause neurons (OPN) [25] , which are active except during saccades, but pause during saccades in any direction [16, 26] . The OPN play a key role in Robinson's original feedback model, as explained in §2, because they gate the input to the premotor burst neurons, preventing them from oscillating when the motor error reaches zero at the end of a saccade. Indeed, if the OPN are held off (e.g. during large, off vertical saccades or blinks), the eyes do oscillate [27, 28] .
Is the resumption of OPN activity what normally stops the saccade? In normal saccades, the pause begins approximately 20 ms before saccade start, and ends essentially synchronously with saccade end [29] . As there is about a 10 ms delay between EBN activity and eye movement [26] , the OPN reactivate too late to stop the saccade. Moreover, Soetedjo et al. [30] found that lesions of the OPN slowed saccades, but did not change their accuracy, as would be expected if OPN stopped saccades on target. Finally, Rucker et al. [31] showed that when vergence movements hold off OPN, saccades still stop on target. Thus, OPN prevent the onset of saccades, but they do not normally play a role in stopping saccades on target.
(c) Superior colliculus
The superior colliculus (SC) is important for saccades. It contains a retinotopic map of the visual scene and a motorotopic map of saccades [4, 32] . The SC is divided into two mutually inhibitory zones: the rostral SC (rSC) with activity related to fixation and small saccades, and the caudal SC (cSC) with activity related to large saccades [33] [34] [35] [36] [37] . The rSC drives the OPN [38] , and the cSC drives the contralateral EBN and IBN [39] . During fixation, the rSC is active, and the cSC is silent. Just before the saccade, the cSC becomes active, and the rSC shuts off. Appearance of a target will activate cells in the cSC at a site corresponding to the target's retinal location, and electrical stimulation of the cSC at that same locus will evoke a saccade to that target location.
Might the rostral pole of the SC be what stops a saccade? The rSC projects to the OPN region with decreasing strength out to about 108 [40] . Stimulation of the rSC during fixation can delay or prevent saccades [34] . Rostral cells pause about 36 ms before saccade onset, but they restart tightly timelocked to the end of the saccade, with a latency of about 22 ms for contraversive and þ10 ms for ipsiversive saccades [35] . Stimulation of the rostral pole during a saccade causes a transient slowing, with a latency of just 12 ms [34] . This short delay means that rostral cells pause about 24 ms before the saccadic drive signal starts, and resume firing almost 10 ms after the saccadic drive signal has ended. This is consistent with the finding that electrical stimulation of the rSC more than 40 ms before saccade start, or within 10 ms of saccade end, has no effect on the saccade [34] . From these studies, we conclude that activity in the rSC does not normally play a role in stopping a saccade on target.
(d) Cerebellum
The midline cerebellum plays a pivotal role in saccades. In the cerebellar cortex, the posterior parts of the vermis, lobules VI and VII, also called the oculomotor vermis (OMV), are related to saccades [41] [42] [43] . The OMV projects to the ipsilateral caudal fastigial nucleus, called the fastigial oculomotor region (FOR). The vermis and fastigial nuclei receive mossy fibre inputs from the SC (via the nuclei reticularis tegmenti pontis, NRTP) and the EBN [44] . The OMV Purkinje cells tonically inhibit the FOR. The FOR excite the contralateral rSC [45 -48] . They also excite the contralateral OPN, EBN and IBN [45, [47] [48] [49] [50] . The fastigial nuclei must also disfacilitate the ipsilateral cSC [19,51 -53] .
It has long been known that the activity in the fastigial nuclei occurs early on the contraversive side, accelerating saccades, and late on the ipsiversive side, decelerating saccades [54] . Therefore, the cerebellum seems to be a good candidate for stopping a saccade. For a rightward saccade, saccades start when the left vermis pauses, allowing the left fastigial nucleus to fire [55] . This drives the right EBN and IBN. Later, the right vermis pauses, allowing the right fastigial nucleus to fire.
We previously hypothesized that the late drive from the ipsiversive fastigial nucleus drives the contraversive EBN and IBN on, which chokes off the drive of the ipsiversive EBN, thus stopping the saccade [52, 53] . What causes the pause in the ipsiversive vermis remains unknown. Mossy fibres carry the input signals to the vermis, but their latencies align with saccade onset, not saccade end [56] . We have hypothesized that the initial pause in activity in the contraversive vermis spreads (in proportion to an efference copy of the velocity signal carried on EBN) from the contraversive to the ipsiversive vermis, where it causes the activation of the ipsiversive FOR [52, 53] . This is possible because the vermis is continuous across the midline. Thus, the vermis acts as a spatial integrator, and would thus be the only part of the brain that knows when to stop the saccade to get on target.
After the eyes stop, the drive from the now disinhibited contraversive EBN (because of the ipsiversive FOR activation) must also be stopped, otherwise the eyes would move backward, or start oscillating because of post-inhibitory rebound of EBN and IBN. Thus, at the end of the saccade the OPN must be reactivated to shut down the EBN and IBN and prevent further movements. OPN might be reactivated by the ipsiversive fastigial nucleus at the end of the saccade by a collateral projection of the efference sent to the brainstem burst neurons. The reactivated OPN would then prevent saccadic oscillations.
(e) Cerebellar deficits
In patients with oculomotor cerebellar deficits, saccades often overshoot the target. That error will generate a backward corrective saccade, leading to a sequence of macrosaccadic oscillations (with each saccade followed by an approximately normal inter-saccadic interval) [57] . If the overshoot is less than 100%, the sequence of oscillations decreases in amplitude and stops. If the overshoot is greater than 100%, the sequence increases in amplitude for several saccades. After a few of these growing saccades, the amplitude begins to decrease (for reasons unknown, but possibly central fatigue), creating a spindle-shaped set of oscillations.
If both fastigial nuclei are lesioned in a monkey, saccades become hypermetric in both directions [14, 22] , like in many human cerebellar patients. The fact that saccades in these subjects are hypermetric is consistent with our hypothesis that it is the ipsiversive fastigial nucleus that stops the saccade on target. However, although saccades overshoot the target, they do eventually stop.
What mechanism might then stop a hypermetric saccade? One possibility is that the cSC activity runs down, stopping the saccade because there is no longer a drive signal to the premotor burst neurons. Also, when the cSC runs down, the rSC would be disinhibited, and it could reactivate, exciting the OPN. The OPN would then inhibit the EBN and IBN, ending the saccade and holding the eyes still. However, if both the fastigial nuclei and the OPN were held off, the eyes would not stay still at the end of the saccade. As said above, the intrinsic instability of the reciprocal inhibition between the left and right IBN and their PIR would cause ocular oscillations, without an interval between the saccades, until the drive signal ran down from fatigue. Such a mechanism also may explain other oscillatory disorders, e.g. opsoclonus and flutter.
How a neuromimetic model makes a rightward saccade
The neuromimetic model (figure 2) [52, 53] takes into account the neuronal populations in the brainstem and cerebellum for which a saccade-related activity has been clearly demonstrated.
Let us consider the model's actions during a rightward saccade. Before the movement, the rSC and the OPN are active (grey lines), holding the premotor burst neurons (dashed boxes) off. The eye movement cortical areas (e.g. frontal eye fields and lateral intraparietal sulcus, not shown) activate the left cSC at a locus corresponding to the target's retinotopic location. The left cSC excites the right premotor burst neurons (EBN and IBN, black line) . The left cSC also inhibits the rSC and the OPN (via right long-lead IBN, orange line). The left cSC projects to the right NRTP, which sends the retinotopic locus of the target to the vermis and the fastigial nuclei (green lines). The cSC signal is combined with contextual information (e.g. target velocity) to determine where in the vermis a pause of activity should occur (green circle). Accuracy is assured by adaptation of the starting place in the vermis, learned from prior errors in that specific movement context.
The pause of the left vermis releases the left fastigial nucleus from inhibition, which then drives the right EBN and IBN (cyan lines). The left fastigial nucleus also disfacilitates the SC, causing its activity to decrease throughout the movement (this is essential to allow the cerebellum to steer the movement). While the eye is moving, an efference copy of EBN activity (i.e. the eye velocity command) is fed back to the vermis (blue line). The feedback causes a wave of inhibition to spread across the vermis (blue wavy line). The speed of the spread is proportional to the feedback velocity, making the vermis a spatial integrator representing the progress of the movement.
The inhibitory wave spreads until it reaches the right side of the vermis (red diamond). The pause in the vermis on the right side then releases the right fastigial nucleus from inhibition, which then sends a drive signal to the left EBN and IBN (red lines) and the OPN. We assume that although the right IBN holds off the left EBN and IBN, the right fastigial nucleus is strong enough to turn on the left IBN. The left IBN then inhibits the right EBN and IBN (red line), which chokes off the drive to the motor nuclei, stopping the saccade. The OPN can be turned back on by the rSC and the fastigial nucleus.
Distributed motor error
The evidence that movements require the coordination of parallel pathways challenges the model of a feedback loop with a single motor error controller (figure 1). We have shown above ( §3) that the saccadic system involves at least two parallel pathways [23] , with the saccadic drive to the premotor burst neurons coming from both the SC and the fastigial nuclei [52] . Thus, the drive comes from two sources and computing the motor error is problematic [58] . To explicate this problem we must consider a target that dissociates its retinotopic location from the desired saccade. This is easily accomplished by using moving targets.
For example, figure 3a shows three saccadic stimuli: a target appearing at 208 (black asterisk), a target appearing at 158 (green), and a target appearing at 208 but moving toward the fixation point (plus) at 508 s 21 (blue). Figure 3b shows the time course of simulated movements. Figure 3c shows the initial loci of activity in the SC and OMV. When a saccade is made to a stationary target, the loci in SC and vermis are at corresponding points (black or green discs for 208 or 158, respectively). However, for a moving target, the locus of activity in the SC always corresponds to the retinotopic location where the target first appeared [59] (blue dashed circle), but the vermis receives contextual information and specifies a different starting place in the vermis corresponding to the required contribution to the drive rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160194 based on context (blue dashed circle). If the SC is contributing enough drive for a 208 saccade in this last case, the vermis must initiate activity closer to the midline, say at a site corresponding to a 108 saccade, so that deceleration occurs sooner. This will make the resultant 158 saccade slightly faster than a 158 saccade made to a stationary target, because the SC's drive for a 208 saccade is larger than for a 158 saccade. This prediction has been confirmed experimentally [60] .
Thus, target information is distributed across both the SC and the OMV. The goal is reached when the spatial integration in the vermis has reached the ipsiversive side. If the movement does not end on target, a learning mechanism in the cerebellum updates the starting locus in the vermis (e.g. the blue dashed circle) for the next time that context occurs. Thus, rather than compute a motor error to drive the saccade velocity command, the saccadic system could reach its goal by integrating velocity feedback to spread activity from its context-dependent starting point to the opposite side. Note that the output of the vermal integration is not an efference copy of the movement, nor can it be subtracted from the desired change in orientation to obtain an efference copy of the motor error.
Assumptions and predictions
Despite the complexity of this hypothetical mechanism for stopping saccades, it is well supported by anatomical and physiological data. Nonetheless, it also includes many assumptions. A key assumption is that the activity in the contraversive IBN at the end of the saccade is sufficient to choke off the activity in the ipsiversive premotor burst neurons. This might be tested with new optogenetic techniques that could turn off contraversive IBN just before the end of the saccade.
Another major assumption is that premotor burst neurons exhibit post-inhibitory rebound. PIR has been found in cerebellar nuclei [61, 62] , but it has not been looked for in EBN, IBN or OPN.
Another important assumption of this model is that the OMV has a wave of spreading depression that crosses from the contralateral to the ipsilateral side (or at least a contraversive site close to the midline that projects to the ipsiversive FOR). This assumption could be tested by recording from multiple electrodes across the OMV, or by imaging the activity of the OMV with voltage sensitive dyes.
Another assumption is that for hypermetric, abnormal saccades the onset of the OPN do stop the saccade. Alternatively, the very high firing rates in the cSC or EBN may cause them to fatigue, stopping the saccade because they run down. Experimental tests are needed to resolve this. For example, it should be possible to record from SC, OPN, EBN and IBN during hypermetric movements caused by reversible inactivation of the cFN.
A prediction of the model is that changing the context of the movement (e.g. saccades to moving targets) changes the initially active site in the OMV. This also could be tested by imaging the vermal activity. Some of this contextual information also may be processed in cortex or basal ganglia, which are not included in this model.
Conclusion
Our four questions can now be answered. (i) Where is the desired change in orientation encoded? The desired change in orientation is distributed, with the SC encoding the retinotopic location of the target and the locus of the initial pause in the vermis encoding any compensation required by the movement's context. (ii) Where is the motor error signal computed? No motor error signal is computed. (iii) Where is the displacement integrator? The vermis spatially integrates the velocity command to track the progress of the movement, but it is not an efference copy of the displacement. (iv) What stops the saccade? The saccade stops because the spreading inhibition in the vermis crosses the midline and activates the ipsiversive fastigial nucleus, which activates the contraversive IBN, which choke off the drive from the ipsiversive EBN. The FOR also activates the OPN, which hold the eyes on target.
Saccades may be a prototype for other rapid movements (e.g. tongue, head, trunk and limb) [63] . These movements become dysarthric or dysmetric during cerebellar disease [64] . It is reasonable to assume that they all share a similar dual-pathway structure with saccades; one part of the brain encodes the movement goal and initiates the movement (a feed-forward pathway), and a parallel cerebellar pathway keeps track of the movement's displacement and stops it on target (a feedback pathway) [63, 65] .
Furthermore, stopping a movement is not the same as holding still. Stopping a saccade by choking off its drive signal does not ensure that the eyes remain still on the target, because the saccadic system is unstable. What keeps the eyes still is not simply a passive lack of drive, but an active inhibition from the reactivation of the OPN, which stabilizes the brain stem circuits. Somatomotor systems are also prone to tremor, with oscillatory circuits in the thalamus, spinal cord and cortex. Thus, the saccadic model could represent a general model for stopping rapid movements in all parts of the body and also preventing tremor and oscillation.
